Abstract. Glutamate excitotoxicity is responsible for neuronal death in acute neurological disorders, including stroke, trauma and neurodegenerative diseases. Astrocytes are the main cells for the removal of glutamate in the synaptic cleft and may affect the tolerance of neurons to the glutamate excitotoxicity. Therefore, the present study aimed to investigate the tolerance of rat cortical neurons to glutamate excitotoxicity in the presence and absence of astrocytes. Rat cortical neurons in the presence or absence of astrocytes were exposed to different concentrations of glutamate (10-2,000 µM) and 10 µM glycine for different incubation periods. After 24 h, the Cell Counting kit-8 (CCK-8) assay was used to measure the cytotoxicity to neurons in the presence or absence of astrocytes. According to the results, in the absence of astrocytes, glutamate induced a concentration-dependent decrease of neuronal survival rate compared with the control rat cortical neurons, and the neurotoxic half-maximal inhibitory concentration (IC 50 ) at 15, 30 and 60 min was 364.5, 258.5 and 138.3 µM, respectively. Furthermore, in the presence of astrocytes, glutamate induced a concentration-dependent decrease of neuronal survival rate compared with the control rat cortical neurons, and the neurotoxic IC 50 at 15, 30 and 60 min was 1,935, 932.8 and 789.3 µM, respectively. However, astrocytic toxicity was not observed when the rat cortical astrocytes alone were exposed to different concentrations of glutamate (500, 1,000 and 2,000 µM) for 6, 12 and 24 h. In conclusion, the glutamate-induced neurotoxic IC 50 values at 15, 30 and 60 min were respectively higher in the presence of astrocytes as compared with those in the absence of astrocytes, suggesting that astrocytes can protect against rat cortical neuronal acute damage induced by glutamate.
Introduction
A number of previous studies have reported an in vivo ambient glutamate concentration as high as 1-4 µM (1) (2) (3) . Given that the 50% effective concentration (EC 50 ) of the N-methyl-D-aspartate (NMDA) receptor for glutamate was ~2 µM (4) , this concentration range would have significant effects on neuronal excitability. However, opposing data indicated that the ambient glutamate concentration was lower, within the nanomolar range, which was in better agreement with the theoretical minimum concentration of glutamate (2 nM) (5) .
Treatment with two different concentrations of glutamate (175 and 250 µM) for 1 h led to different outcomes in rat cortical cells, and cultures treated with 250 µM glutamate suffered a loss in overall activity that was not observed in cultures treated with 175 µM glutamate in rat cortical cells, serving as a model of traumatic brain injury (6) . Loss of calcium homeostasis is a key mediator of glutamate-induced cell death, which is involved in Alzheimer's disease (7) and other age-associated neurodegenerative conditions, such as oxidative stress (8) and cellular energy deficits (9) . It has been reported that glutamate (8 mM) treatment alone caused a significant increase (50%) in cell death compared with the control group in the HT22 mouse hippocampal cell line, whereas glutamate (1 mM) treatment alone induced one fold increase (50%) in cell death compared with the control group in primary cultures of rat cortical neuronal cells (10) , where astrocytes could be involved in the neuroprotective effect. Certain studies have demonstrated that astrocytes expressing glutamic acid decarboxylase 67 (GAD67) protected primary neurons from the toxicity of exposure to 300 µM glutamate for 10 min (11) or from serum glutamate (12) . Specific compounds, such as pyruvate, β-amyloid and ceftriaxone, act to protect neurons from damage during brain ischemia via astrocytes (7) (8) (9) . However, co-cultures of neurons and astrocytes have been reported to increase neuronal sensitivity to glutamate treatment for 24 h (13) .
According to these controversial results, the aim of the present study was to investigate glutamate-induced rat cortical neuronal toxicity in the presence or absence of astrocytes. The study also further explored the protection of neurons by astrocytes. Animals. Newborn Wistar rats (0-1 day) were obtained to culture cortical neurons, and newborn Wistar newborn rats (1-3 days) to culture cortical astrocytes (Hebei Medical University, Shijiazhuang, China). The pregnant and neonatal rats (5.5~10 g) were housed with standard chow and water ad libitum in an ambient temperature of 22±2˚C and kept under a 12/12 h light/dark cycle with the lights on at 07:00 a.m. All animal care and experimental procedures were performed in accordance with approved guidelines of the National Institutes of Health for the Care and Use of Laboratory Animals, and the guidelines were approved by the Committee of Ethics on Animal Experiments of Hebei Medical University. All efforts were made to minimize suffering and the number of animals was used in the study.
Materials and methods

Materials
Primary rat cortical neuronal culture. Primary cultures of cortical neurons from newborn Wistar rats (0-1 day) were obtained as described previously (14) . Briefly, the brains of newborn Wistar rats (0-1 day) were removed subsequent to decapitation, and the meninges were stripped away. The cortices of these brains were dissected in ice-cold DMEM-F12 basal culture media supplemented with 26% glucose. The tissues were treated with 2 mg/ml papain and 42 µg/ml DNase for 30 min in 37˚C incubator, and then gently dissociated by trituration in neuronal culture media (97% neurobasal medium supplemented with 2% B27, 100 U/ml penicillin and 100 µg/ml streptomycin). The digestion was terminated by FBS at room temperature, and the cell suspension was filtered prior to centrifugation (447 x g for 10 min room temperature). Cells were centrifuged three times, washed with Hanks' balanced salt solution (with 1.3 mM calcium and 0.5 mM magnesium) and finally resuspended in neurobasal medium. Cells were then seeded on 1 µg/ml poly-D-lysine-coated 24-well plates at a density of 7x10 5 cells/well and maintained in neuronal culture media in a humidified atmosphere with 5% CO 2 at 37˚C. Culture medium was replaced every 2-3 days to minimize culture debris. Pure neuronal cultures were obtained by addition of 1 µmol/L 5-fluorouracil and uridine in the culture at day 3, which was refreshed by neuronal culture media 2 days later. After 9-11 days, the purity of neurons was identified by NeuN and DAPI fluorescent staining.
Primary rat cortical astrocyte culture. Cerebral cortical astrocytes were prepared as previously described, with slight modification (15) . Briefly, cultured cortices were obtained from Wistar newborn rats (1-3 days) and passed through a nylon sieve (75-µm pore size) into DMEM/F12 supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. The cell suspension was seeded in poly-D-lysine-coated flasks at 37˚C in a humidified atmosphere with 5% CO 2 . The medium was refreshed the following day and changed every two days until the cells covered 80-90% of the culture flask. At 9-11 days, these primary cultures were purified by a physical method to eliminate non-astrocytic cells. The flasks were shaken inside an incubator for 12-18 h, detached cells were eliminated, and the medium was renewed. Residuary cells were digested with 0.25% trypsin, seeded into 24-well plates (8x10 5 cells/plate) and maintained in DMEM/F12 culture media in a humidified atmosphere with 5% CO 2 at 37˚C. Culture medium was replaced every 2-3 days to minimize culture debris. Experiments were usually conducted on the third day.
Primary rat cortical co-culture of neurons and astrocytes.
Neuron-astrocyte co-cultures were generated by plating pure neurons in the wells of a 6-well plate (1x10 6 cells/well) and pure astrocytes (8x10 5 cells/well) in the culture strip inserts of the plates with neuronal culture media for 2 days. Samples were kept in an incubator with a humidified atmosphere and 5% CO 2 at 37˚C. An Olympus inverted phase contrast microscope (Olympus Corporation, Tokyo, Japan) was used to capture images of cell density, morphology and spreading on the multilayer surfaces.
Immunofluorescence analysis. Cortical neurons and astrocytes were rinsed in PBS, and fixed with 4% paraformaldehyde for >2 h. Subsequent to washing in PBS, cells were incubated for 20 min in 0.4% Triton X-100 in PBS at 37˚C, further washed three times with PBS, blocked with 10% goat serum at 37˚C for 1 h and then washed for a further three times with PBS. Next, neurons were incubated overnight at 4˚C with anti-neuron-specific nuclear protein NeuN monoclonal antibody (dilution, 1:150 in PBS), followed by five washes with PBS for 5 min each. The neurons were subsequently incubated with a 488-conjugated goat anti-mouse secondary antibody (072031806; Kirkegaard & Perry Laboratories Inc., Gaithersburg, MD, USA; dilution, 1:200 in PBS) for 1 h at 37˚C and washed for a further five times in PBS. Similarly, astrocytes were incubated with mouse anti-GFAP monoclonal antibody (BD Biosciences; dilution, 1:200 in 10% goat serum), washed five times in PBS, and then incubated with a KPL 488-conjugated goat anti-mouse secondary antibody (Gaithersburg, MD, USA; dilution 1:200 in PBS) for 1 h at 37˚C, followed by further washing for five times in PBS. Subsequently, neurons or astrocytes were incubated with 0.005% DAPI for 10 min at room temperature and further washed five times in PBS. Images were collected on a Nikon Eclipse Ti-E inverted fluorescence microscope (Nikon Corporation, Tokyo, Japan), and then processed and visualized using NIS-Elements D (version 4.50; Nikon Corporation) to assess NeuN/DAPI and GFAP/DAPI staining. High-resolution images were created using Photoshop CS2 (Adobe, Inc., Mountain View, CA, USA).
Glutamate-induced exitotoxicity in rat cortical neurons and/or astrocytes.
Monosodium glutamate was dissoluted with water, and the stock solution of 2,000 mM was stored at -20˚C. Rat cortical neurons alone were exposed to 10, 25, 50, 100, 200, 500 and 1,000 µM glutamate and 10 µM glycine (there is glycine combining site in glutamate NMDA receptors, and glutamate-induced effect can be increased in the presence of glycine) for 15, 30 and 60 min in Mg 2+ -free Locke's buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO 3 , 1.3 mM CaCl 2 , 5.6 mM D-glucose and 5 mM HEPES; pH 7.4) (16). In addition, co-cultures of rat cortical neurons and astrocytes were exposed to 10, 100, 200, 500, 1,000 and 2,000 µM glutamate and 10 µM glycine for 15, 30 and 60 min in Mg 2+ -free Locke's buffer. Rat cortical astrocytes alone were exposed to 500, 1,000 and 2,000 µM glutamate for 6, 12 and 24 h in DMEM-F12 basal medium. Next, glutamate was washed out thoroughly, and replaced with neurobasal culture media or DMEM-F12 complete medium in a humidified atmosphere with 5% CO 2 at 37˚C. After 24 h, a CCK-8 assay was used to assess the cell viability.
Cell viability. The cell viability of cultured rat cortical neurons, astrocytes, and the co-culture of neurons and astrocytes was measured 24 h after glutamate treatment by CCK-8 assay. Briefly, CCK-8 solution (10% final concentration) was added to cultured neurons and/or astrocytes, and incubated for 4 h. The optical densityof each sample was measured using BioTek Synergy 2 (BioTek Instruments, Inc., Winooski, VT, USA) at 450 nm. Quantitative dose-toxicity examination was performed in the rat cortical neurons alone, astrocytes alone and the co-culture of neurons and astrocytes, and the half-maximal inhibitory concentration (IC 50 ) was measured.
Statistical analysis. All data are expressed as the mean ± standard error of the mean. Each n value represents data from one culture well. Unless otherwise indicated, an n value of 8-12 culture wells was used for each group in each experiment, with repetitions conducted using at least 3 independent dissections for each experiment. Differences between group means were analyzed with one-way analysis of variance, followed by the Bonferroni posthoc test. The differences were considered as statistically significant when the P-value was <0.05. Nonlinear regression analysis and IC 50 estimates for dose-response data were performed with GraphPad Prism software (version 6.0; GraphPad Software, Inc., La Jolla, CA, USA).
Results
Immunofluorescence characterization of neurons and astrocytes. NeuN-immunofluorescence analysis indicated that the purity of primary neurons was >95%, and dispersed neurons with rare clumping were detected (Fig. 1) . In addition, GFAP-immunofluorescence analysis revealed that the purity of primary flat polygonal astrocytes was >95% ( Fig. 2; data not shown).
Glutamate-induced exitotoxicity of rat cortical neurons in the absence of astrocytes. In the absence of astrocytes, the exposure of rat cortical neurons to various glutamate concentrations (10, 25, 50, 100, 200, 500 and 1,000 µM) and 10 µM glycine for 15, 30 or 60 min, respectively, resulted in a concentration-dependent decrease of the neuronal survival rate compared with the control group (Mg 2+ -free Locke's buffer without glutamate and glycine). As shown in Fig. 3A , treatment with 10 µM glutamate and 10 µM glycine had no evident effect on neuronal survival at the three time points, while exposure to 25 µM glutamate and 10 µM glycine had a significant effect on neuronal survival, reducing the survival rate to approximately 50-70% of the control value. The neuronal survival rates of glutamate (25-1,000 µM) to control were reduced in a concentration-dependent manner, but no significant difference was observed between different glutamate concentrations (Fig. 3A) . Furthermore, the IC 50 of the survival rate in neurons exposed to glutamate for 15, 30 and 60 min compared with the control was 364.5, 258.5 and 138.3 µM, respectively.
Glutamate-induced exitotoxicity of rat cortical astrocytes alone. Astrocytes extracted from rat cerebral cortex were exposed to different concentrations of glutamate for 6, 12 and 24 h. The astrocytic survival rates following expose to glutamate (500, 1,000 and 2,000 µM) were not markedly changed compared with the control group.
Glutamate-induced exitotoxicity of rat cortical neurons in the presence of astrocytes. The exposure of rat cortical neurons to different glutamate concentrations (10, 25, 50, 100, 200, 500, 1,000 and 2,000 µM) and 10 µM glycine in the presence of astrocytes for 15, 30 or 60 min, respectively, resulted in a concentration-dependent decrease of the neuronal survival rate compared with the control group. As shown in Fig. 3B , treatment with 10 µM glutamate and 10 µM glycine had no evident effect on neuronal survival at the three incubation times. By contrast, treatment with 25 µM glutamate and 10 µM glycine resulted in an evident tendency of decreased neuronal survival, and the survival rate was reduced to approximately 70-80% of that of the control group, with a significant statistical difference observed at 30 and 60 min (P<0.01). In addition, the IC 50 of the neuronal survival rate in the neuron-astrocyte co-culture exposed to glutamate for 15, 30 and 60 min compared with the control was 1,935, 932.8 and 789.3 µM, respectively (Fig. 3B) . In Fig. 4 , the survival rate of neurons following different glutamate concentrations at different time periods was compared in neuron alone culture and neuron-astrocyte coculture. As demonstrated in Fig. 4A , the survival rate of treatment with 50, 100 and 200 µM glutamate and 10 µM glycine for 15 min in neuron-astrocyte coculture was significantly increased compared with that in neuron alone culture, while the survival rates of treatment with 25, 50, 100 and 200 µM glutamate and 10 µM glycine for 30 and 60 min in neuron-astrocyte coculture was significantly increased compared with that in neuron alone culture in Fig. 4B and C. Student's t-test was conducted to determine statistically significant differences in the results: # P<0.05 and * P<0.01 vs. the survival rate of neurons in neuron alone culture. Furthermore, changes in the morphology of rat cortical neurons were observed at 15, 30 and 60 min following glutamate (200 and 1,000 µM) exposure in the presence of astrocytes as compared with the control group (Fig. 5) , proving the concentration-dependent neurotoxicity of glutamate in the rat cortical co-culture of neurons and astrocytes. All the above results suggested that astrocytes enhanced the tolerance of rat cortical neurons to glutamate excitotoxicity.
Discussion
In the present study, glutamate exposure of neurons isolated from the cerebral cortex of newborn Wistar rats (0-1 day) in the absence of astrocytes for 15, 30 and 60 min resulted in a concentration-dependent neurotoxicity (IC 50 =364.5, 258.5 and 138.3 µM, respectively). These results were consistent with previously reported findings that approximately 20±3% primary hippocampal neurons of postnatal Wistar rats (0-1 day) were destroyed in control cultures, while 40-50% neurons were destroyed in 0.5 mM L-glutamate cultures for 30 min (17) . In addition, in cultures exposed to 1 mM L-glutamate, up to 60% of the neurons died during this time period of 30 min depending on the concentration of glutamate (17) . However, the results of the present study were inconsistent with another study that addition of glutamate (50 µM) to primary cortical neurons obtained from rat embryos [embryonic day(E) [16] [17] [18] for 1 h resulted in a living rate of neurons of ~20% in contrast to the control group (18) . Furthermore, the apoptotic-like death of cultured rat cortical neurons from 17-day-old Sprague-Dawley rat embryos exposed to 50 µM glutamate for 15 min was up to ~80% (19) . Therefore, the difference in glutamate-induced neurotoxicity between the present study and previous studies may be a result of the culture being obtained from newborn or fetal rats, and the neuron culture of the fetal rats may be more sensitive to exposure to glutamate as compared with that of the newborn rats. Glutamate (10 mM) applied to the mouse hippocampal HT22 cell line for 24 h has been reported to reduce the neuronal cell survival by >80% (20). HT22 cells do not express functional glutamate receptors; therefore, glutamate toxicity was mediated by inhibiting the cystine uptake (21) . Furthermore, another study demonstrated that cellular death was observed at ~6 h after initiation of 1 mM glutamate exposure in primary cortical neurons isolated from 18-day-old pregnant Sprague-Dawley rats, and after ~8 h of exposure to 7-8 mM glutamate in HT22 cells (10) . In addition, brief exposure to glutamate was found to produce morphological changes in mature (14-24 days in vitro) cortical neurons from fetal mouse neocortex, beginning as quickly as 90 sec after exposure, followed by widespread neuronal degeneration over the next hours, and a quantitative dose-toxicity study suggested an EC 50 of 50-100 µM for a 5-min exposure to glutamate (22) . The reliable neurotoxicity produced by exposure of cell cultures to 0.5 mM glutamate for 5 min was only observed with mature cultures, whereas immature (5-7 days in vitro) neurons and glia were unaffected by such glutamate exposure, and partial effects were observed with cultures of intermediate maturity (22) . Therefore, the difference of glutamate-induced neurotoxicity between the present study and previous studies may also be due to differences in primary neuron cultures and nervous cell lines, genera of animals or degrees of maturity, which may depend on the distribution density of glutamate receptors. Nervous cell lines that do not express functional glutamate receptors may be more resistant to glutamate-induced neurotoxicityin comparison with primary neuronal culture, while the distribution of glutamate receptors of immature (5-7 days in vitro) culture neurons may be less than that of mature (14-24 days in vitro) culture neurons.
In the present study, astrocytic toxicity was not observed when astrocytes isolated from the rat cerebral cortex were exposed to different concentrations of glutamate (500, 1,000 and 2,000 µM) for 6, 12 and 24 h (data not shown). This is consistent with previous observations suggesting that cerebral astrocytes isolated from the cerebral cortex of 1-3-day Wistar newborn rats were resistant to injury by glutamate even in the presence of the uptake inhibitor (23) . The morphology of astrocytes from fetal mouse neocortex appeared to be completely unaffected by 0.5 mM glutamate for 5 min, and no evidence of direct glutamate gliotoxicity was detected on glial elements in mixed cortical cultures or in essentially pure glial cultures prepared from postnatal animals (22) . Furthermore, another study reported that astrocytic toxicity was not induced by glutamate concentrations <2 mM, and astrocytic death was not observed even after a 24-h exposure to up to 100 µM glutamate in astrocytes alone or co-cultured with neurons (13) . However, the glutamate gliotoxicity has been observed in pure glial cultures prepared from chick retinal cells (24) . In vivo experiments also demonstrated the swelling of glia with glutamate neurotoxicity, but the gliotoxicity was not observed upon treatment with low doses of glutamate (25) . Therefore, combining these results with the findings of the present study, whether glutamate can induce gliotoxicity may depend on various factors, including the genera, maturity degree, concentration, and in vivo or in vitro culture among others, although this should be further explored.
The present study assessed the neuronal cytotoxic effect of glutamate on rat cortical co-culture of neurons and astrocytes, which were incubated with different concentrations of glutamate (including 10, 25, 50, 100, 200, 500, 1,000 and 2,000 µM) for 15, 30 and 60 min. For each concentration of glutamate, 10 µM glycine was added to the medium, followed by assessment of cell viability using the CCK-8 assay subsequent to the incubation period. The IC 50 values of the glutamate-induced neuronal survival rate of the co-culture of neurons and astrocytes for 15, 30 and 60 min were respectively 1,935, 932.8 and 789.3 µM, indicating the time-dependent neurotoxicity of glutamate in the rat cortical co-culture of neurons and astrocytes. By contrast, the IC 50 values of the glutamate-induced neuronal survival rate in the neuron culture in the absence of astrocytes were 364.5, 258.5 and 138.3 µM for 15, 30 and 60 min incubation, respectively. Compared with the culture without astrocytes, the IC 50 of the glutamate-induced neuronal survival rate in the presence of astrocytes was higher at each of the different incubation periods. These findings were consistent with the observations of a previous study, indicating that the EC 50 of neuronal cytotoxicity in pure neuron cultures isolated from albino ICR mice at E15 following exposure to glutamate for 15 min was ~5 µM, while that of neuron and astrocyte co-cultures was ~100 µM (13) . The EC 50 of glutamate-induced neurotoxicity (EC 50 =200 µM) in neuron-astrocyte co-cultures isolated from the embryonic (E17-19) and newborn rat cerebral cortex was greater compared with neuron-enriched cultures (EC 50 =50 µM) (23) . Furthermore, the survival rates of treatment with 50, 100 and 200 µM glutamate and 10 µM glycine for 15, 30 and 60 min in neuron-astrocyte coculture were significantly increased respectively compared with that in neuron alone culture. However, the survival rates of treatment with 500 and 1,000 µM glutamate and 10 µM glycine for 15, 30 and 60 min in neuron-astrocyte coculture exhibited a tendency to increase without significantly statistical differences, suggesting that astrocytes can enhance the tolerance of rat cortical neurons to glutamate excitotoxicity within a certain range.
Protection of PC12 cells against H 2 O 2 or serum deprivation by co-culture with C8-GAD67 astrocytes has been reported in the presence of 1 mM glutamate for 24 h, while the primary cortical neuron survival was enhanced by co-culture with C8-GAD67 astrocytes, demonstrating that GAD-expressing astrocytes induced an increase of antioxidant activity, protecting neurons from various injuries (11) . A previous study indicated that excitotoxic glutamate exposure (500 µM glutamate and 10 µM glycine for 10 min) by microperfusion in mixed primary cortical neuron cultures from embryonic (E16) rats resulted in approximate 20-30% neuronal loss after 1 h (26). However, this excitotoxic glutamate exposure resulted in 87.0±1.6% loss of cortical neurons after 24 h. The addition of MK-801 to the incubation medium resulted in significant protection from the glutamate-induced neuronal loss after 24 h, suggesting that chronic toxic reaction to glutamate exposure may be receptor-dependent (26) . Another study reported that reliable neurotoxicity produced by exposure of cell cultures isolated from fetal mouse neocortex to 0.5 mM glutamate for 5 min was only observed with mature cultures, while immature (5-7 days in vitro) neurons and glia were unaffected by exposure to 0.5 mM glutamate for 5 min, and partial effects were observed with cultures of intermediate maturity (22) . Furthermore, the EC 50 of neuronal cytotoxicity in mouse pure neuron cultures exposed to glutamate for 24 h was ~50 µM, while that of mouse neuron-astrocyte co-cultures was ~5 µM (13) . This indicated that neuronal cytotoxicity was significantly increased in the presence of astrocytes as compared with pure neuron cultures for all glutamate concentrations for 24 h, and that astrocytes increased neuronal sensitivity to chronic glutamate exposure (24 h) as opposed to acute exposure (13) .
Therefore, these aforementioned studies indicated that astrocytes can protect acute glutamate-induced neuronal toxicity possibly due to glutamate rapidly being taken up by astrocytes. However, astrocytes can also aggravate chronic glutamate-induced neuronal toxicity through increasing neuronal sensitivity to chronic glutamate exposure, demonstrating that chronic toxic reaction to glutamate exposure may be receptor-dependent. Furthermore, glutamate-induced neuronal toxicity may be affected by a variety of factors, including the maturity of neurons and glia, and immature cells may be insensitive to glutamate exposure. However, the roles and underlying mechanism of astrocyte-induced protection against neuronal glutamate excitotoxicity remains controversial, and further studies need to be performed.
In conclusion, glutamate induced concentration-dependent neurotoxicity in rat cortical neurons in the presence or absence of astrocytes. The IC 50 of neuronal survival rate in the presence of astrocytes was higher in comparison with that in the absence of astrocytes, suggesting that astrocytes can enhance the tolerance of rat cortical neurons to glutamate excitotoxicity.
